The important cell cycle regulatory gene p15
Introduction
Alteration of methylation patterns is a common event in human neoplasia. In addition to deletion or mutation, it constitutes another complementary acting inactivation mechanism for growth regulatory genes leading to loss of proliferation control. 1 
Members of the family of cyclin-dependent kinase (CDK) inhibitors, like p15
INK4b and p16 INK4a , are among the most frequent targets of aberrant methylation. The proteins encoded by these genes induce cell cycle arrest at the G1/S phase transition through inhibition of the kinase activity of the cyclin D/CDK four and six complex. 2 Methylation-induced silencing of the p15
INK4b and the p16 INK4a gene has been documented in a wide variety of epithelial and hematological malignancies. 3 In acute myeloid leukemia (AML) hypermethylation of p15
INK4b occurs in more than 75% of the cases, which is more prevalent than any of the other genetic abnormalities. 4, 5 Also for the myelodysplastic syndrome (MDS), a heterogeneous stem cell disorder with a varying probability to progress to AML, 6 aberrant methylation of the tumor suppressor gene p15
INK4b has been shown (see Quesnel and Fenaux 7 and Preisler et al 8 
and references therein). p15
INK4b gene methylation occurred more frequently in high-risk MDS with an increased tendency to progress to blast transformation. 9 Chronic myelomonocytic leukemia (CMML) belongs to the MDS according to the French-American-British (FAB) cooperative leukemia group classification. 10 In the new WHO classification, CMML is placed in a separate subgroup as MDS/myeloproliferative disorder (MDS/MPD). 11 The studies analyzing p15
INK4b gene methylation in MDS also included some CMML samples, but only in very limited numbers. Altogether the analysis of only 20 CMML samples from different institutions employing different methodologies and analyzing different regions of the gene is reported in the literature. 8, 9, [12] [13] [14] In order to clarify the frequency and patterns of p15
INK4b gene methylation in CMML, we analyzed a large single center cohort (n ¼ 33) using different methods.
Nearly all publications addressing the question of p15 mRNA expression level in all 33 CMML samples using quantitative real-time PCR technology and assayed for the protein expression using immunohistochemistry to evaluate the functional consequences of the epigenetic alteration.
Materials and methods

Patients
Formalin-fixed paraffin-embedded bone marrow trephines from CMML patients (n ¼ 33) as well as biopsies displaying only nonneoplastic reactive alterations (n ¼ 20) were retrieved from the archive of the Institute of Pathology, Medizinische Hochschule Hannover, Germany.
Cases of CMML were defined as outlined by the recently published criteria of the WHO. 11 Briefly, a persistent monocytosis (41 Â 10 9 /l), the absence of the Philadelphia chromosome, fewer than 20% blasts in the blood or bone marrow and dysplastic features in at least one cell lineage of the bone marrow were required.
DNA isolation and methylation analysis
DNA isolation and bisulfite treatment were performed essentially as described. 15 For the qualitative detection of CpGmethylation approx. 25 ng of converted DNA were amplified using the methylation-specific primer pairs 1M5 0 /3 0 and 1U5 0 /3 0 , as well as 3M5 0 /3 0 and 3U5 0 /3 0 (see Figure 1a for location and Table 1 for sequences and annealing temperature) in a total reaction volume of 25 ml containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 200 mM dNTP, 400 nM each primer, 2.5 mM MgCl 2 and 0.625 units Platinumt-Taq (Invitrogen, Karlsruhe, Germany). After an initial denaturation step at 951C for 5 min 35 or 40 cycles, followed with 30 s at 951C, 40 s annealing and 30 s at 721C and a final extension step of 5 min at 721C.
Approximately 20 ng of converted DNA were amplified using methylation-independent primer pairs. For direct sequencing of PCR products, a nested PCR was performed using primer pairs mod F2/mod R2 and mod F1-t/mod R1-t for the 5 0 -region and 2I5 0 /3 0 and 3I5 0 -t/3 0 -t for the 3 0 -region in a total reaction volume of 25 ml containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 200 mM dNTP, 400 nM each primer, 1.5 mM MgCl 2 and 0.625 units Platinumt-Taq (Invitrogen, Karlsruhe, Germany). The nested primer pairs contain M13 universal sequencing primer tails. After an initial denaturation step at 951C for 5 min 25 cycles follow with 30 s at 951C, 40 s at 541C and 30 s at 721C, and a final extension step of 10 min at 721C. A measure of 1 ml of the amplification product is added to a new reaction mix containing primer pair mod F1-t/mod R1-t, followed by 25 cycles with an annealing temperature of 521C. A very similar nested PCR was performed for the more 3 0 located region with the appropriate primers (see Table 1 ) and annealing temperatures of 60 and 651C, respectively. For quantification of methylation levels at a given CpG site, the intensities of the corresponding C-and Tbands were compared: equal intensities means 50% methylation, three times more C than T means 75% methylated, etc.
For sequencing of individual clones, a single-step PCR was performed using primer pair 1I5 0 /3 0 for the 5 0 region and 2I5 0 /3 0 for the 3 0 region. The reaction conditions were as described above with 40 cycles and an annealing temperature of 56 and 601C, respectively. PCR products were inserted into an appropriate plasmid vector using the Topot-cloning kit (Invitrogen, Karlsruhe, Germany) and sequenced using the CycleReadertAuto DNA sequencing kit from Fermentas (MBI Fermentas, St Leon-Roth, Germany). The sequence analysis was performed on a LI-COR 4200 automatic sequencer (LICOR Inc, Lincoln, Nebraska USA). The regions amplified for the direct sequencing and for the cloning and sequencing are not 100% identical. Owing to slightly different primers, the latter approach does not include the first two CpG sites.
RNA isolation and quantitative real-time RT-PCR
Total RNA was isolated from formalin-fixed paraffin-embedded bone marrow trephines exactly as described. 16 For cDNA synthesis 1 mg of total RNA was transcribed using 200 U of SuperScript II RNase À Reverse Transcriptase (Invitrogen, Karlsruhe, Germany) following the manufacturer's protocol. For INK4b , and the DNA methyltransferases DNMT1, DNMT3A and DNMT3B mRNA levels a real-time PCR was performed using a 96-well tray and optical caps (Applied Biosystems, Weiterstadt, Germany) with a 25 ml final reaction mixture containing 250 nM each primer, 150 nM probe, 0.625 units of Platinum Taq (Invitrogen, Karlsruhe, Germany), 200 mM each of dATP, dCTP, dTTP and dGTP in 1 Â Platinum Taq reaction buffer and 4 ml cDNA. For primer and probe sequences see Table 1 . The reaction mixture was preheated at 951C for 5 min, followed by 45 cycles at 951C for 15 s and 601C for 1 min. As a reference transcript for p15
INK4b mRNA expression levels the housekeeping gene b-glucuronidase (b-GUS) was used, for the normalization of the DNMT mRNA levels, the proliferation-associated cyclinD2 transcript was used.
Immunohistochemistry
For immunohistochemical staining, deparaffinized sections were heated for 3 min at 1211C in 10 mM citrate buffer (pH 6) using a laboratory autoclave. The anti-p15
INK4b antibody Ab-6 (Clone 15P06) from NeoMarkers (Westinghouse, Fremont, CA, USA) was used in a 1:100 dilution and the detection of bound antibodies on the sections was performed exactly as described. 17 Staining intensities were evaluated by two pathologists (FL, HK) without prior knowledge of the methylation status.
Statistical analysis
On the basis of their blast count CMML class I cases, as defined by the WHO classification, 11 were divided into two groups: lower blast count (p5%) and higher blast count (5-10%). Similarly, the cases were classified into two groups based on their degree of methylation. Cases with 'À', '(+)' or '+' MSP band intensities (Figure 2 ) or methylated CpG sites of 10% or less upon sequencing were classified as 'low methylation'. Those with '++' or '+++' MSP band intensities or more than 10% CpG sites methylation upon sequencing were classified as 'high 
Results
Methylation of the p15
INK4b gene in myeloid cell lines and primary CMML samples
The promoter region and Exon 1 of the p15
INK4b gene is located in a typical CpG island, which is schematically depicted in Figure 1a . In cell lines and primary lymphocytes from healthy donors, a very close correlation between methylation of this CpG island and transcriptional silencing was observed. Whereas bone marrow trephines displaying only mild reactive changes are devoid of any methylation, the AML cell line KG1a contains a fully methylated p15
INK4b island. Accordingly, in this cell line no p15
INK4b transcript can be detected (Figure 1b) , whereas in the control biopsies p15
INK4b mRNA was readily detectable. Nearly all methylation studies of the p15
INK4b gene described in the literature employ a methylation-specific PCR assay (MSP, Herman et al
18
) with the primer pair I. Using this primer pair 33% (11/33) of the CMML samples showed a product in the Mreaction of the conventional MSP (Figure 2 ). Under these reaction conditions, PBMC fractions from healthy volunteers and bone marrow trephines displaying only mild reactive changes were completely devoid of any M-signal (data not shown).
Since Nguyen et al 19 analyzed the methylation status of three individual CpG-dinucleotides located more downstream in the coding region (marked with small asterisks in Figure 1a ), we designed a new MSP primer pair targeting this 3 0 region of Exon 1 as indicated in Figure 1a ). Using this more 3 0 located primer pair II, 58% of the CMML samples (19/33) showed a clearly visible M-signal.
Detailed sequencing analysis of the p15
INK4b gene in CMML bone marrow biopsies
In order to investigate the methylation patterns in more detail, bisulfite converted DNA samples were amplified with primers flanking the CpG island and the PCR products were sequenced directly following cycle sequencing protocols. The two regions covered by this experimental approach contain altogether 49 potential methylation (CpG) sites in the p15
INK4b promoter region and within the first exon (see Figure 1a) . The semiquantitative evaluation of the sequencing results are shown in Figure 3 . The most obvious result is a high degree of inter-and intraindividual heterogeneity, which is in stark contrast to the homogenous methylation patterns seen in cell lines. Samples with strong M-signals in the conventional MSP always have several partially or fully methylated sites, such as samples #16 and #18. However, there are also samples with several fully methylated CpG dinucleotides, which are completely devoid of any M-signal in the conventional MSP assay such as samples #7 and #29.
In the control samples only occasionally a low-level methylation of a few CpG sites was observed close to the 3 0 border of the region analyzed (see Figure 3) .
In addition to the direct sequencing of PCR products, for 15 selected cases, we also sequenced five individual clones per sample. This experimental approach confirmed the interindividual differences of methylation patterns both in proportion as well as location of methylated CpG sites detected by the direct sequencing ( Figure 4 ). In addition, it revealed the marked intraindividual heterogeneity in more detail.
p15
INK4b gene methylation and blast count
According to the new WHO classification CMML cases with less than 10% blast count are grouped together as 'CMML, class I'.
11
Since nearly all of our samples belonged to CMML class I (31/ 33), we investigated whether the detection of epigenetic events might reveal distinct subgroups of CMML cases in this category. Our series of CMML class I samples was divided into cases with 5% blasts or less and samples with up to 10% blasts. A blast count of more than 5% correlated significantly with methylation in the 5 0 region (see Figure 1a) INK4b mRNA expression in the control group of 20 bone marrow trephines with only mild reactive changes (see Figure 5a , left column), a general reduction of p15
INK4b mRNA expression in CMML is clearly discernible. The subgroup with the highest degree of p15
INK4b gene methylation ('CMML M+') displayed the lowest expression levels, whereas the CMML samples without any methylation ('CMML MÀ') had a median p15
INK4b mRNA level more similar to the control group than the total CMML group. Examples of methylation-specific PCR results. PCR products were separated on a polyacrylamide gel. Below each lane, the semiquantitative evaluation of the band intensities is indicated.
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Among the different methods employed for the detection of DNA methylation, the closest correlation between presence of methylated CpG sites and repression of transcription was revealed by the sequencing of individual clones from the more 5 0 located region. In addition to the measurement of the mRNA level, we assessed p15
INK4b protein expression in a subset of samples using immunohistochemistry. All samples with a high degree of methylation showed strongly reduced or nearly complete absence of p15
INK4b expression, whereas the samples with no or only very low levels of methylation displayed quite strong p15 INK4b protein expression. Figure 5b shows two examples of bone marrow trephines with no methylation and a strong p15
INK4b expression (case #25) and high degree of methylation and nearly complete absence of p15
INK4b expression (case #16), respectively.
Expression of DNA methyltransferases
Since conflicting reports exist concerning the relation between gene hypermethylation in tumor cells and mRNA expression of DNA methyltransferases (see Robertson 20 and references therein), we determined the mRNA expression of DNMT1, DNMT3A and DNMT 3B in all CMML samples (n ¼ 33). For this purpose, we employed a quantitative real-time RT-PCR assay. mRNA levels were normalized to the housekeeping gene b-GUS and the proliferation marker cyclinD2 in order to correct for proliferation-associated upregulation of DNA methyltransferases, which is not specific for chronic myelomonocytic leukemia. 20 An upregulation of all three DNA methyltransferases could be observed in all CMML samples with a high degree of p15 
Figure 3
Results of direct genomic sequencing after bisulfite conversion for all CMML samples and five controls. Each circle represents a potentially methylated cytosine residue. The marked interindividual heterogeneity is obvious. Since the direct bisulfite sequencing approach analyses a mixture of PCR products, for most potential methylation site a fractional methylation indicated by the symbols was detected.
p15 methylation in CMML M Tessema et al housekeeping gene b-GUS (data not shown). However, after correcting for proliferation-associated unspecific upregulation by normalizing to the proliferation marker cyclinD2, only for DNMT3A a specific and significant upregulation is seen (compare Figure 6b with Figure 6a and c).
Discussion
Aberrant methylation of CpG islands is now a well-established epigenetic alteration in the development and progression of malignant neoplasia indicating transcriptional silencing. 21 The detection of altered DNA methylation could be used for the detection of malignant transformed cells, and the potential prognostic or predictive values of altered DNA methylation is just emerging. 22 However, the use of alterations in DNA methylation patterns in a given gene or a set of genes for diagnostic purposes will require a careful analysis of the methylation patterns in normal tissues and nonmalignant physiological alterations (like inflammation) as well as a detailed assessment of methylation patterns in patient biopsies.
The analysis of nucleic acids extracted from formalin-fixed paraffin-embedded bone marrow trephines enables a direct correlation between morphological assessment, methylation analysis and mRNA or protein measurement. In addition, the use of paraffin-embedded samples provides the opportunity to evaluate a large series of samples in a retrospective manner. With 33 morphologically and clinically confirmed cases of CMML, this is by far the largest study reported so far in the literature.
The absence of methylation signals in the conventional MSP of some of the samples that contain clearly visible methylated sites upon sequencing, indicates that the widely used MSP may not be the optimal method to detect methylation, at least in the case of CMML. This could be because of the fact that MSP can only detect few CpG site differences (approx. 3-6 depending on the primers used) between the methylated and unmethylated DNA strands that are found only at the primer binding sites, whereas sequencing reveals all the potential methylation sites in Sequencing analysis of individual clones after bisulfite treatment of genomic DNA. After cloning of the PCR products into an appropriate vector and transformation into bacteria individual clones were picked and sequenced. Therefore, every line represents the analysis of a single allele.
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INK4b gene methylation found in this study for CMML.
Homogenous methylation patterns as seen in cell lines (see Figure 1a ) are completely different from the patterns found in patient biopsies, demonstrating convincingly that cell lines very often are no appropriate model systems for aberrant methylation, also in the case of CMML.
Since all studies reporting p15 INK4b gene methylation in MDS (including a few CMML samples) used MSP 9, 13, 23 or restriction enzyme-based methods, 8, 12 which both target only a few potential methylation sites, the heterogeneity of methylation patterns has not yet been addressed in MDS. Only for AML samples, the heterogeneity of p15
INK4b gene methylation patterns has been documented. 4, 5 During the preparation of this manuscript, Daskalakis et al 14 also reported the detailed analysis of p15
INK4b gene methylation in MDS by sequencing individual clones after bisulfite treatment of genomic DNA, but they examined only the 3 0 region of the CpG islands (see Figure 1b) and did not show any results for CMML samples.
Methylation of the 3 0 region was more frequent, but it did not correlate with blast count in the new WHO category of CMML class I nor did it correlate with the disease progression (data not shown). Also the correlation between methylation status and transcriptional silencing was much better for the 5 0 region than for the 3 0 region. These data clearly indicate the importance of selecting the correct region for methylation studies. The correlation between blast count and methylation in the 5 0 region of the p15
INK4b gene may indicate that the existing, primarily morphological classification could be improved or substantiated by including epigenetic alterations. The clinical significance of these findings has to be addressed in future studies.
In ongoing studies we analyze the alteration of p15 INK4b gene methylation during course of disease. Preliminary data demonstrate an interesting correlation (data not shown).
The results presented in here concerning the heterogeneous methylation patterns have to be considered if fast and simple, but reliable assays for the detection of aberrant methylation in a clinical diagnostic setting will be developed.
The heterogeneity of methylation patterns found in our CMML series supports the model put forward by Turker 24 that silencing is a gradual and evolving process that involves promoter methylation as a rather late event creating variegated methylation patterns. INK4b mRNA levels using quantitative real-time PCR methodology. The mean expression level of the control group was set to 100 and all individual expression levels were calculated to this mean using the DDC T -method. 25 The horizontal bars indicate the median of each sample group. Transcript levels were normalized to b-GUS. mRNA expression of DNA methyltransferases DNMT1 (a), DNMT3A (b) and DNMT3B (c) in CMML employing quantitative real-time PCR methodology. The mean expression level of the control group was set to 100 for every transcript and all individual expression levels were calculated to this mean using the DDC T -method. 25 The horizontal bars indicate the median of each sample group. The expression levels shown were normalized to the proliferationassociated transcript cyclinD2, thereby correcting for proliferationinduced changes in DNA methyltransferase expression.
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